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ABSTRACT  Macroscopic and unitary currents  through  Ca2§  CI- chan- 
nels were examined in enzymatically isolated guinea-pig hepatocytes using whole- 
cell,  excised  outside-out  and  inside-out configurations  of the  patch-clamp  tech- 
nique.  When  K +  conductances  were  blocked  and  the  intracellular Ca  2+  concen- 
tration  ([Ca2+]i)  was  set  at  1  p,M  (pCa--6),  membrane  currents  were  observed 
under  whole-ceU voltage-clamp conditions.  The  reversal potential of the  current 
shifted  by  ~60  mV  per  10-fold  change  in  the  external  CI-  concentration.  In 
addition, the current did not appear when CI- was omitted from the internal and 
external solutions,  indicating that  the  current was  CI-  selective. The  current was 
activated  by  increasing  [Ca2+]i  and  was  inactivated  in  Ca2+-free,  5  mM  EGTA 
internal  solution  (pCa  >  9).  The  current  was  inhibited  by  bath  application  of 
9-anthracenecarboxylic acid (9-AC) and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic 
acid  (DIDS)  in  a  voltage-dependent manner.  In  single channel  recordings  from 
outside-out patches,  unitary current  activity was  observed, whose  averaged slope 
conductance was 7.4  -  0.5  pS (n =  18). The  single channel  activity responded to 
extracellular CI-  changes  as expected  for a  CI-  channel  current.  The  open  time 
distribution was best described by a  single exponential function with mean  open 
lifetime of 97.6 -+ 10.4 ms (n =  11), while at least two exponentials were required to 
fit  the  closed  time  distributions with  a  time  constant  for  the  fast  component  of 
21.5  -  2.8  ms  (n =  11)  and  that  for  the  slow  component  of 411.9  _  52.0  ms 
(n =  1 I).  In  excised  inside-out  patch  recordings,  channel  open  probability was 
sensitive to [Ca2+]i . The relationship between [Ca2+]i and channel activity was fitted 
by the Hill equation with a  Hill coefficient of 3.4 and  the half-maximal activation 
was  0.48  p,M.  These  results  suggest  that  guinea-pig  hepatocytes  possess  Ca  2+- 
activated CI- channels. 
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INTRODUCTION 
In a variety of species, the permeability of the hepatocyte plasma membrane to K + 
and CI- is known to increase by al-adrenergic receptor stimulation with noradrena- 
line (Haylett and Jenkinson,  1972; Burgess, Claret, and Jenkinson,  1981; DeWitt and 
Putney, 1984; Field and Jenkinson,  1987). Stimulation of al-adrenergic receptors by 
noradrenaline results in activation of phospholipase C, which hydrolyzes phosphati- 
dyl inositol 4,5-bisphosphate  (PIP2)  to inositol  1,4,5-triphosphate  (IP3)  and diacyl- 
glycerol (DAG) in hepatocytes (Creba, Downes, Hawkins, Brewster, Michell, and Kirk, 
1983;  Extort,  1988,  for review). IP3 has been shown to stimulate Ca  2+  mobilization 
from internal  stores by binding  a  specific receptor on the  endoplasmic  reticulum, 
resulting in  a  release of Ca  2§  into the cytosol in  guinea-pig  (Berridge and  Irvine, 
1984, for review; Burgess, Godfrey, McKinney, Berridge, Irvine, and  Putney,  1984; 
Burgess, Irvine, Berridge, McKinney and Putney, 1984; Taylor and Putney, Jr.,  1985) 
and  rat  liver  (Dawson  and  Irvine,  1984;  Joseph,  Thomas,  Williams,  Irvine,  and 
Williamson,  1984; Joseph and Williamson,  1986). This source of Ca  2§ can raise free 
cytosolic Ca  2+ concentration ([Ca2+]i) (Mauger, Poggioli, Guesdon, and Claret,  1984; 
Charest, Prpic, Exton, and Blackmore, 1985; Lynch, Blackrnore, Charest, and Exton, 
1985) and the elevated [Ca2+]i causes a large increase in the permeability of guinea- 
pig and  rabbit hepatocytes to both  K + and  CI-  (Field and Jenkinson,  1987).  The 
activation of K § and C1- conductances by these intermediates was further confirmed 
in recent studies which showed that internal perfusion of guinea-pig hepatocytes with 
buffered Ca  2§  solutions  or  IP3  mimicked  noradrenaline  activation of K +  and  CI- 
conductances (Capiod,  Field, Ogden, and Sandford,  1987; Ogden, Capiod, Walker, 
and Trentham,  1990). 
Recently, the patch-clamp technique has been applied to examine membrane K § 
conductances  caused  by  an  increase  in  [Ca2+]i in  isolated  hepatocytes.  Bear  and 
Petersen (1987) demonstrated Ca2+-activated K § channels evoked by L-alanine. The 
Ca2+-activated  K §  channel  in  guinea-pig hepatocytes has been evaluated  in  detail 
using whole-cell and single channel measurements (Capiod and Ogden,  1989a, b). In 
contrast  to  these  detailed  studies  of Ca2+-activated  K +  channels  in  guinea-pig 
hepatocytes, CI-  conductance evoked by the  increase of [Ca2+]i has  not been well 
examined.  The  purpose  of this  study  was  to  characterize  the  properties  of the 
Ca2+-activated CI- current in isolated guinea-pig hepatocytes. 
MATERIALS  AND  METHODS 
Cell Preparation 
Single  guinea-pig  hepatocytes were enzymatically dissociated  according to the method de- 
scribed  previously (Graf, Gautam,  and Boyer,  1984; Gautam, Ng,  and Boyer,  1987; Koumi, 
Sato, Nagano, Horikawa, Aramaki, and Okumura, 1991; Koumi, Sato, Horikawa, Aramaki, and 
Okumura, 1994). Briefly, adult guinea-pigs of either sex weighing 301)-400 g were anesthetized 
with pentobarbitone (60 mg/kg, i.p.), and the portal vein was cannulated.  Liver perfusion was 
initiated  with  a  Ca~+-free solution  (first perfusion solution)  for  10 min  at a  flow rate of 5 
ml/min. The perfusate was switched to a solution  containing 4 mM Ca  ~§  and 0.5 mg/ml of 
collagenase  (type  I, Sigma Chemical  Co., St.  Louis, MO) for 10 min at  10 ml/min (second 
perfusion solution). The solutions were gassed with  100% O~ and warmed to 37"C. Following KOUMI ET AL.  Ca2+-activated  Cl- Channels in Hepatocytes  359 
these perfusions, the liver was excised and then minced in Hank's balanced salt solution (BSS). 
The cells were filtered through a 150-~m nylon mesh, and washed three times by centrifugation 
at 100 g for 3 rain. The cell pellets were resuspended in Hank's BSS. The cells were used within 
6 h after the isolation. 
Isolated cell viability  was assessed by the trypan blue exclusion technique after completion of 
the isolation procedure. The preparation was discarded if < 80% of the cells excluded trypan 
blue. 
Solutions  and Chemicals 
The first solution perfused via the portal vein cannulation contained (in millimolar): NaCI 140, 
KCI  5.4,  NaH~PO4  0.6,  Na2HPO4  0.4,  EGTA  (ethylene  glycol-bis-(JB-aminoethylether) 
N,N,N',N',-tetraacetate) 0.5, NaHCOs 4.2, glucose 5, and N'-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid (HEPES)-NaOH  buffer 9.6,  pH  7.2  with  NaOH.  The  second perfusion 
solution contained (in millimolar): NaC1 140,  KCI 5.4, CaCI~ 4.0, NaH2PO4  0.6, Na~HPO4  0.4, 
NaHCO3 4.2, HEPES-NaOH buffer 9.6, and collagenase 0.5 (pH -- 7.5). Hank's balanced salt 
solution (BSS) contained (in millimolar): NaCI 140, KCI 5.4, CaCI~ 1.3, MgCI2 1.0, MgSO4  1.7, 
NaH2PO4  0.6,  Na2HPO4  0.4,  NaHCO3 4.2, glucose 5  (pH =  7.2). The external solution (the 
standard external) used during whole-cell or excised outside-out patch recordings contained (in 
millimolar): NaCI  142,  CaCI2  1.8,  MgC12 2.0,  glucose  10,  HEPES  8,  pH  7.3  with  NaOH. 
Ca2+-free external solution contained (in millimolar): NaCI 142, MgCI2 2.0, glucose 10, HEPES 
8, EGTA 5 (pH =  7.3). Pipette solution (standard internal solution) used during the whole-cell 
or excised outside-out patch recordings contained (in millimolar): CsOH 150, tetraethylammo- 
nium (TEA)-aspartate 42,  MgCI~  1.0,  EGTA 5,  HEPES 8, TEA-Ci 20, pH 7.3 with TEA-OH. 
Free Ca  2+ concentration ([Ca2+]) was adjusted to 1 t~M by adding CaCI~. In some experiments, 
N-hydroxyethylethylenediaminetriacetic  acid (HEDTA) was used as the Ca  2+ buffer instead of 
EGTA.  The  high  CI-  pipette  solution  used  for  the  excised  outside-out  patch  recording 
contained (in millimolar): CsC1 128,  MgCI2  1.0,  EGTA 5, HEPES 8, TEA-C1 20 (pH =  7.3 by 
TEA-OH). Free Ca  2+ concentration ([Ca~+]) was adjusted to 1 I~M by adding CaC12. In excised 
inside-out patch recordings, the external solution (for the outside-out patch recording) was 
used for the pipette solution and the internal solution (the high CI- pipette solution) was used 
as the bath solution (cytosolic side). The free Ca  2+ concentration in each solution was calculated 
on the basis of apparent stability constants for EGTA to obtain activities ranging from < 10 -9 M 
to 1.0  x  10 -5 M (Fabiato and Fabiato, 1979). 
The  recording chamber  (0.18  ml)  was  continuously  perfused  with  bath  solution  at  the 
perfusion rate of 5 ml/min. Temperature of the bath was monitored and was maintained at 
37  -+  I~  using a Peltier thermo-electrical device. 
Nifedipine, 9-anthracenecarboxylic acid (9-AC),  4,4'-diisothiocyanatostilbene-2,2'-disulfonic 
acid (DIDS) and apamin were applied to the external solution in whole-cell experiments. All 
chemicals were purchased from Sigma Chemical Co. 
Electrical Recordings 
Membrane currents were recorded using the patch-clamp technique (Hamill, Marty,  Neher, 
Sakmann, and Sigworth, 1981) and an Axopatch-lC amplifier (Axon Instruments, Inc., Foster 
City, CA). The pipettes were pulled in two stages from hard glass tubing (Narishige Scientific 
Instruments  Laboratories, Tokyo, Japan)  using  a  vertical microelectrode puller (type PE-2, 
Narishige  Scientific  Instruments  Laboratories)  and  then  fire-polished using  a  microforge 
(Model MF-83, Narishige Scientific Instruments  Laboratories). Electrodes had resistances of 
1.0-1.5 Mfl for whole-cell recording and 6-8 Mfl for single channel recording when filled with 
appropriate standard internal solutions. Inverted voltage-clamp pulses were applied to the bath 360  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 104 ￿9 1994 
through an Ag-AgCl pellet-KCl agar bridge with the pipette potential maintained at ground 
level. The head stage of the voltage clamp circuit had an ultra-low bias current operational 
amplifier. The electrode was connected to the negative input with a feedback resistor of 500 
Mf~ for recording whole-cell current and 50 GO for recording single channel current. 
For  whole-cell recording,  the  series  resistance  arising  mainly at  the  electrode  tip  was 
compensated for  by  summing a  fraction of the  converted current signal to  the  command 
potential and feeding it to the positive input of the operational amplifier. The pipette potential 
was adjusted to give zero current when the tip of the filled pipette was in the external solution. 
Series  resistance compensation was then done to minimize this capacitative surge. The cell 
capacitance (Cm) was calculated from the equation: 
Cm = Q/V  (1) 
where  Q  is  total  charge  movement  determined  by  integrating the  area  defined  by  the 
capacitative transient in response to  +10  mV voltage step.  The mean cell capacitance was 
28.5 -+ 4.2 pF (n =  39) in isolated hepatocytes. The capacitative transient remaining after series 
resistance compensation was constant throughout the experiment. The leakage current was 
linear in the range  -100 to  +50 mV when isolated by using Cl--free internal and external 
solutions with internal Cs + and TEA. This leakage current has been digitally subtracted from 
each record. The adequacy of the voltage control had been tested by preliminary experiments 
monitoring the  membrane potential using an  independent patch  electrode.  After  gaining 
access  in  the  whole-cell  patch-clamp  configuration,  myocytes  were  allowed  to  "stabilize" 
electrophysiologically for  ~ 5 min before collecting data. 
Single channel currents were monitored with a storage oscilloscope  (type 5113, Tektronix, 
Inc., Beaverton, OR) and were  stored continuously on digital audio tape (R-60DM,  Maxell, 
Tokyo, Japan) using a  PCM  data  recording system  (RD-100T, TEAC, Tokyo, Japan).  The 
recorded single channel events were reproduced and filtered off-line with a cut-off frequency of 
1 KHz through an eight-pole low-pass Bessel filter (48 dB/octave, model 902-LPF, Frequency 
Devices, Inc., Haverhill, MA), digitized with 14-bit resolution at a sample rate of 10 KHz. The 
data were analyzed on a computer (PC-9801,  NEC, Tokyo, Japan) using locally written analysis 
programs that are based on the half-amplitude threshold analysis method of Colquhoun and 
Sigworth  (1983).  Channel  transitions  were  calculated  using  an  averaging  technique  for 
determining channel amplitude. The measurements derived from the channel transitions were 
collected into histograms to allow an analysis of single channel kinetics. Mean dwell times were 
determined from the  sum of exponential fits to the distributions of open and closed times 
recorded from patches with only one channel. 
Data Analysis 
All  curve  fitting was  performed  with  a  non-linear least-square  algorithm  on  a  computer 
(PC-9801,  NEC) using custom software.  The results are expressed as mean -  SD. Differences 
between sample means were determined using t test or one-way analysis of variance. A P value 
< 0.05 was considered statistically  significant. 
RESULTS 
Whole-Cell Cl- Currents 
Fig. 1 A shows an example of a whole-cell membrane current family recorded from an 
isolated  guinea-pig hepatocyte  after  subtraction of linear leakage  conductance at 
37~  The  original  current  family  was  obtained  by  applying  100-ms  duration 
voltage-clamp  steps  ranging  between  -100  mV  and  +50  mV  from  a  holding KOUMI ET AL.  CaZ+-activated Cl- Channels in Hepatocytes  361 
potential  of -50  mV.  The  membrane  currents  were  evoked  during  voltage-clamp 
steps.  K +  conductances  were  blocked  by replacement  of pipette  K + with  Cs +  and 
omitting  K +  from external  solution.  Nifedipine  (5  ~M)  was  added  to the  external 
solution.  [Cag+]i was set at  1  IzM (pCa =  6) by using the  standard  pipette  solution. 
Fig.  1 B  shows  the  current-voltage  (I-V)  relationship.  The  slope  conductance  mea- 
sured  at 0  mV was  12.6  +-  2.9  nS  (n =  17).  The reversal  potential  was  ~  -50  mY, 
which  is  close  to  the  theoretical  Nernst  potential  for a  CI-  selective  channel  with 
external  CI-  concentration  ([C1-]o)  of  150  mM  (internal  CI-  concentration 
[Cl-]i  =  22 mM). This type of current was observed in 58 out of 67 cells (86.6%). To 
maintain  [Ca2+]i at abnormally high levels,  HEDTA has been shown to be preferable 
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FIGURE  1.  Whole-cell membrane currents in isolated guinea-pig hepatocytes. (A) Representa- 
tive family of whole-cell membrane currents recorded in K+-free  solution at 37~  The pipette 
solution  was  the  standard  internal  (pCa =  6,  [CI-] =  22  mM).  The  voltage-clamp  pulse 
protocol used to obtain the recordings is depicted in the inset;  100-ms duration pulses to test 
potentials ranging from -100 to +50 mV in  10-mV increments were applied from a holding 
potential  of  -50  mV.  Current  and  time  calibration  are  shown  in  A  (bottom). (B)  The 
current-voltage (I-V) relationship derived from the data in A. Each point (circles) was measured 
at the end point of the test pulse (100 ms). 
to EGTA as a  Ca  2+ buffer (Evans and Marty,  1986). The current relaxation  became 
slow in several cells using the HEDTA-buffered pipette solution (pCa =  6) compared 
to  EGTA,  but  the  averaged  time  course  did  not  achieve  statistical  significance 
(n =  15). 
The ionic selectivity of this current was estimated  by changing [CI-]o at pCa  --- 6. 
[CI-] in the  pipette  solution was  22  mM.  Fig.  2 A  shows the averaged  I-V relation- 
ships in different  [C1-]o. Decreasing [CI-]o reduced the conductance and shifted the 
reversal  potential  to  less  negative  membrane  potentials.  The  averaged  reversal 
potential at [CI-]o =  150 mM was  -51.1  -+ 3.8 mV (n =  10). The reversal  potential 
was shifted to -30.1  +  2.6 mV (n =  10) and -0.2  --- 0.3 mV (n =  10) when [CI-]o was 
decreased  to  75  and  22  mM,  respectively.  The  averaged  reversal  potential  was 362 
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FIGURE 2.  Reversal potential measurements 
for the current.  (A) The averaged current- 
voltage (I-V) relationships in differ-ent [CI-] 
external solutions. The pipette solution was 
the  standard  internal  ([CI  ~] =  22  raM, 
pCa = 6).  After obtaining  the I-V curve  in 
150  mM  [CI-] external  solution  (circles),  it 
was switched  to 75 mM  [CI-] (squares)  and 
22  mM  [CI-]  (triangles).  The  vertical  bar 
through  each  point  represents  the  SD 
(n =  10  for each).  (B) The  reversal  poten- 
tials  were  plotted  semilogarithmically  as  a 
function of the extracellular CI- concentra- 
tions  ([Cl-]o).  [Cl-]o was  changed  to  150 
(circle), 75 (square),  22 (triangle),  and 15 mM 
(d/amond).  The  vertical  bar  through  each 
point represents the SD (n =  10 for each). 
plotted  against  the  logarithm  of the  [Cl-]o in  Fig.  2 B.  The best  fit to data  points 
(mean -- SD) was obtained with a line having a slope of 60 mV per 10-fold change in 
[CI-]o. In addition, when CI- was replaced with aspartate in the internal and external 
solution,  the current did not appear (n =  9, data not shown). These results  indicate 
that this membrane current is highly selective for CI- ions. 
Ca2 +-sensitivity  of the  Current 
The Ca2+-dependence  of this  CI- current was  tested  using different  [Ca  2+]  pipette 
solutions.  Nifedipine  (5  I~M) was  included  in  the  external  solution.  The  three 
different Ca  2+ concentrations were tested;  [Ca2+]i was adjusted to pCa =  6, pCa =  7 
or pCa  >  9  according to Fabiato and Fabiato (1979).  Fig. 3  shows the averaged I-V 
relationships  of  the  three  different  [Ca  2+]  pipette  solutions.  The  CI-  current 
magnitude  became  smaller  with  decreasing  [Ca2+]i  without  shifting  the  reversal 
￿9  pCa =6  I (nA) 1  I/ 
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￿9  pCa>9  0.5  ,,~' 
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FIGURE 3.  Effects of internal Ca  2+ concen- 
tration  ([Ca2+]i) on  the  current.  The  aver- 
aged 1-V relationships obtained in different 
[Ca2+]i  are  illustrated,  pCa was 6 (circles), 7 
(squares), and > 9 (triangles). The vertical bar 
through  each  point  represents  the  SD 
(n =  8 for each). KOUMI ET AL.  CaZ+-activated Cl- Channels in Hepatocytes  363 
potential. The  mean current amplitude was  significantly different  (P  <  0.01);  the 
current recorded at pCa  =  7 was smaller than that recorded at pCa  =  6. The slope 
conductance became  smaller with  decreasing  [Ca2+]i.  The  current was  inactive at 
pCa  >  9. Similar results were obtained using the Ca2+-free external solution (n =  5, 
not shown). 
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FIGURE 4.  Effects  of bath  application of 9-anthracenecarboxylic acid  (9-AC)  and  4,4'-di- 
isothiocyanatostilbene-2,2'-disulfonic acid  (DIDS)  on  the  current.  (A,  top)  Effect  of  bath 
application of 9-AC (0.1 raM) on the current. The standard internal solution was used for the 
pipette  solution. Following the  measurement of the  current in the  absence of 9-AC  (circle; 
control), 9-AC (0.1 mM) was applied to the external solution. The current was measured during 
exposure to 9-AC (square) and after washout of 9-AC (triangle). The current was evoked by test 
pulses of 100-ms duration to + 50 mV from the holding potential of -50 inV. Magnitude of the 
current was decreased following application of 9-AC. (A, bottom) The averaged/-V relationships 
of the  current in control (circles), during exposure  to  (squares) and after washout  of 9-AC 
(triangles). The vertical bar through each point represents the SD (n =  7). (B, top) Effect of bath 
application of DIDS  (0.1 raM) on the current. After the measurement of the current (circle; 
control),  DIDS (0.1  mM) was applied to the external solution. The standard internal solution 
was used for the pipette solution. 4 rain after the application, the current was again measured 
(square). The current was evoked by test pulses of 100-ms duration to +50 mV from the holding 
potential of -50 mV. Magnitude of the current was inhibited following application of DIDS. (B, 
bottom) The  averaged/-V relationships of the current in control (circles), during exposure to 
(squares) and after washout of DIDS (triangles). The vertical bar through each point represents 
the SD (n =  7). 
Pharmacological Modification  of the Current 
9-anthracenecarboxylic acid (9-AC), known to inhibit the CI- channel, was applied to 
the bath solution to test the effect on this current (Fig. 4 A ). 9-AC (0.1 raM) inhibited 
the current in seven of seven cells tested. The averaged current amplitude at +50 mV 
was inhibited to 32.5  -+ 7.6% of control (n =  7, P  <  0.001) during exposure to 9-AC 364  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  104  ￿9  1994 
and partially recovered after washout of 9-AC. Inhibition was observed at all voltages 
tested. The averaged I-V relationships  before, during exposure to and after washout 
of 9-AC are shown in the lower panel of Fig. 4 A.  Effect of DIDS on the CI- current 
was also tested.  Fig. 4 B  shows an example  of the effect of externally  applied  DIDS 
(0.1  mM)  on  the  CI-  current.  After  3  min  exposure  to  DIDS,  the  current  was 
drastically reduced (seven of seven cells tested). The current at +50 mV was reduced 
to 33.8 -+ 5.8% (n =  7) of control during application of DIDS. After washout of DIDS, 
the current magnitude was partially recovered.  Fig. 4 B  (bottom) shows the averaged 
/- V relationships. 
The voltage-dependence  of 9-AC and  DIDS block of the  current  is  illustrated  in 
Fig.  5.  Fig.  5 A  shows the fraction of the current remaining after exposure  to 9-AC 
(0.1  raM) at membrane potentials between -20  and + 50 mV. The fraction of current 
remaining in the presence  of 9-AC decreased  as the membrane  potential was made 
more negative.  Similarly,  the fraction of current remaining in the presence of DIDS 
(0.1  raM) reduced with less depolarization  (Fig. 5 B). 
A  9-AC  g  DIDS  FIGURE 5.  Voltage-dependence 
of  current  block  by  9-anth-  0OI  i'  i  ::t 
*  i  '  $  and  4,4'-diisothiocyanatostil- 
0.2  $  bene-2,2'-disulfonic acid (DIDS). 
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measured  in  the  presence  of 
0  I  I  I  I  I  I  I  I  I  I  0.1  mM 9-AC (19-AC) relative to 
-2o  0  2o  4o  eo  -2o  0  2o  40  eo  the current measured in the ab- 
Membrane  voltage (mV)  Membrane voltage (mV)  sence of 9-AC (/control) plotted as 
a  function  of membrane  volt- 
age. The standard internal solution was used for the pipette solution. The current was evoked 
by test pulses of 100-ms duration to various test potentials from the holding potential of -50 
inV. The vertical bar through each point represents the SD (n = 6). (B) Fraction of the current 
measured  in the  presence of 0.1  mM  DIDS (IDIDS) relative  to the current  measured  in  the 
absence of DIDS (lco,  t~c4) plotted as a function of membrane voltage. The vertical bar through 
each point represents the SD (n = 6). 
In a variety of regions and species,  the Ca2+-activated K + permeability is inhibited 
by  apamin;  a  peptide  toxin  isolated  from  bee  venom  (Banks,  Brown,  Burgess, 
Burnstock,  Claret,  Cooks,  and  Jenkinson,  1979;  Burgess  et  al.,  1981;  Hugues, 
Romey,  Duval,  Vincent,  and  Lazdunski,  1982;  Cook and  Haylett,  1985;  Blatz  and 
Magleby,  1986a). The effect of apamin  (50 nM) on the CI- current was tested.  The 
current was virtually unchanged by bath application of apamin (data not shown). 
Single Cl- Channel Current in Outside-out  Patches 
To gain further insight into the channel gating characteristics and modification of the 
CI- current by intracellular Ca  z+, we studied the characteristics of single CI- channels 
in the outside-out patch recording. Fig. 6 A illustrates examples of individual channel 
activity recorded at a voltage range between  -80  and +80 mV at 37~  The high CI- 
internal  solution  was  used  for  the  pipette  solution  ([Cl-]i =  150  mM,  pCa =  6). KOUMI ET AL.  Ca2+-activated  CI- Channels in Hepatocytes  365 
Because  this  patch  contained  only one  channel,  it  was  used  for  analysis  of single 
channel gating kinetics.  Channel  openings occurred in bursts  separated  by variable 
interburst intervals at all voltages. We did not detect any time-dependent differences 
in  open  probability  (Po)  at  any  potential.  The  unitary  current  amplitude  was 
influenced by the  membrane voltage. Current  traces became flat at  ~ 0  mV, which 
was the CI- equilibrium potential (Ecl). Frequency distributions of the unitary current 
amplitudes were fit with a Gaussian curve (Fig. 6 B ). The mean current amplitude for 
A 
80  ~:=:=:~ 
-80 ..... ~ '~ 
__]  1 pA 
800 ms 
B  200] A 
Z  0" 
0  1 
Amplitude (pA) 
C  I (pA) 1.00.5 
-~  40  80 
V (mV) 
-1.0  --L 
FIGURE 6.  The unitary CI- current measured by outside-out patch single channel recordings. 
(A) Original recordings of single channel activity of the current. The high CI- internal solution 
was used for the pipette solution ([Cl-]i  =  150 mM, pCa = 6) in the standard external solution. 
Channel  activity  exhibited  slow  bursting  kinetics  separated  by  closed  intervals.  This  patch 
contained one channel. The holding potential (HP) is indicated to the left of each current trace. 
The dotted line running in each trace indicates the closed state (baseline level). Currents were 
low pass filtered at 1 KHz. (B) The frequency distribution of the current amplitude at +80 mV. 
The amplitude of the channel was 0.91 pA at +80 inV. The ordinate gives the number of events 
and the abscissa  is the current amplitude. The distribution is fit with a Gaussian function. (C) 
The I-V relationship plotted from the same cell as A. Slope conductance is 7.5 pS at 37~ 
the  channel  was  0.87  _  0.20  pA  (n=6)  at  +80  mV.  Fig.  6C  shows  the  I-V 
relationship  (Fig. 6 C). The averaged slope conductance of the channel at 0  mV was 
7.4  +  0.5 pS (n =  18). When single channel activity was measured in different [C1-]o 
external  solutions,  the  averaged  reversal  potential  of the  current  shifted by 57  mV 
per 10-fold change in [Cl-]o (not shown), suggesting that the observed single channel 
current is conducted through CI- channels. 366  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 104  ￿9 1994 
Fig. 7  shows the distribution of open and closed times of the channel at + 80 mV. 
Open  time  distribution was  best described by a  single exponential  function with  a 
mean open lifetime of 97.6  --.  10.4 ms (n =  11). The time constant of the mean open 
lifetime was plotted as a  function of membrane voltage (Fig. 7 A, bottom). It did not 
show  significant voltage-dependence. At least two exponentials were  required  to fit 
the closed time distributions with a  time constant for the fast component of 21.5  --- 
2.8 ms (n =  11) and that for the slow component of 411.9  +- 52.0 ms (n =  11). Time 
constants for the slow component plotted against membrane voltage exhibited weak 
voltage-dependence; they became greater with more negative membrane potentials. 
In  contrast,  time  constants  for  the  fast  component  did  not  show  the  voltage- 
dependence (Fig. 7 B, bottom). 
A  B 
L  i  i 
o  Open time (ms)  1ooo  Closed tlme (ms)  5oo 
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FIGURE 7.  Dwell  time  histo- 
grams  and  the  voltage-depen- 
dence  of the  dwell  time  con- 
stants  of  single  CI-  channel 
currents  in  outside-out  patch 
recordings.  (A,  top)  Histogram 
of open times recorded from a 
representative single channel at 
+80 mV. The high C1- internal 
solution  was  used  for  the  pi- 
pette solution ([Cl-]i =  150 mM, 
pCa =  6) in the standard exter- 
nal  solution. This  patch  never 
exhibited  more  than  a  single 
channel during 25 rain of con- 
tinuous  recording.  Open 
time distributions were formed from the recording with low-pass filtering at 1 KHz. Open state 
lifetimes were distributed according to a single exponential function with a time constant (To) of 
92.5  ms.  (bottom) The  voltage-dependence of the  mean  open  lifetime.  Mean  open  lifetime 
(circles) was plotted as a function of test voltage. The vertical bar through each point represents 
the  SD  (n =  6).  (B,  top)  Closed  times  histogram  determined  at  +80  mV.  At  least  two 
exponentials were required to fit the closed time distributions with time constants of 23.7 ms 
for  the  fast  component  (zcf) and  402.1  ms  for  the  slow  component  (*cs)- (bottom) The 
voltage-dependence of the mean closed times. Mean closed times (~cf; squares and ~cs; triangles) 
were plotted as a function of test voltage. The vertical bar through each point represents the SD 
(n =  6). 
Ca  2+- and Voltage-sensitive Nature of the Single  Cl- Channel  Current in Inside-out 
Patches 
Modification of the C1-  channel current by intracellular Ca 2+ was estimated directly 
using excised inside-out patch  recordings.  Single channel  activity was  measured  in 
different [Ca  2+] of bath solution (cytosolic side of the membrane) at a  test voltage of 
+50  mV.  Fig.  8A  shows  examples  recorded  in  different  bath  solutions.  Channel 
activity was  influenced by Ca 2+  in  the bath.  Channel  open  probability (Po) became 
greater with increasing [Ca  2+]  in the bath  solution.  In contrast,  neither mean  open KOUMI ET AL.  Ca2+-activated  Cl- Channels in Hepatocytes 
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FmURE 8.  Ca~+-dependence of the single channel Ci- current in inside-out patch recordings. 
(21) Each trace was recorded at the holding potential of +50 mV. Bath solutions (cytosolic side 
of  the  membrane)  with  various  concentrations  of Ca  2+  ([Ca~+]i) were  applied.  [Ca2+]i  is 
indicated to the left of each current sweep. Data were recorded with low-pass filtering at 1 KHz 
and digitized at 10 KHz. (B) [Ca~+]i-dependent change of channel open probability (Po) of the 
outward current. The graph shows the relationship between normalized ,Do of the channel and 
[Ca~+]i from five different cells. The continuous line is a curve fit to the equation in the text. 
The Hill coefficient of the fitted curve was 3.4 and the half-maximal inhibition (K,) was 0.48 
/~M. 
lifetime nor unitary current amplitude was affected. Mean open lifetime was  104.6  _ 
12.7  ms (n =  8) recorded at 0.5  I~M Ca  2+  solution and 99.4  __  11.6 ms (n =  8) at  1 
~M Ca  2+ solution. Channel activity was inhibited extensively in the Ca2+-free solution 
(pCa  >  7). Fig. 8 B  illustrates the Ca  2+ concentration-dependence of the channel. Po 
at each concentration of Ca  2+ was estimated. The concentration-dependent activation 
of the current was fitted by the least-squares method to the Hill equation: 
Relative Po =  1/{1  +  (KD/[Ca~+])  H}  (2) 
where KD is the concentration of Ca  2+  at the half-maximal channel  activation. The 
relationship between [Ca  2+] and the channel activity was fitted by the equation with a 
Hill coefficient of 3.4 for the channel. The KD was 0.48  ~M. 
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FIGURE 9.  Voltage-dependence  of  open 
probability of the single channel CI- current 
in inside-out patch recordings. Ca~+-concen  - 
tration in the bath solution ([Ca~+]i) was set 
at 0.5  ~M. Open probabilities were plotted 
as a function of membrane voltages between 
-120  and  +80  mV.  The  vertical  bar 
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The voltage-dependence of Po was  evaluated in  inside-out patch configurations. 
Fig. 9 depicts the voltage-dependence of Po obtained when [Ca  2+] in the bath was set 
at 0.5 ~M. Although Po did not change significantly at positive membrane voltages, it 
decreased as the membrane potential was made more negative than -40 mV. 
DISCUSSION 
The major findings in this study are as follows: (a) a CI- current was found in isolated 
guinea-pig hepatocytes; (b)  the CI-  current was activated by increasing  [Cag+]i; (c) 
The current was inhibited by external application of 9-AC  and DIDS  in a voltage- 
dependent manner; (d) single channel activity exhibited bursting opening with slow 
gating kinetics; and  (e)  channel activity in inside-out patch configurations demon- 
strated  a  Ca2+-dependent change  in  open  probability. These  results  indicate  that 
guinea-pig hepatocytes possess Ca2+-activated C1- channels. 
Relation  to Previous Studies 
Previous studies showed noradrenaline-induced K + and CI- permeabilities in guinea- 
pig  hepatocyte  plasma  membranes  (Haylett and Jenkinson,  1972;  Burgess  et  al., 
1981).  Stimulation of ~l-adrenergic receptors by noradrenaline stimulates phospha- 
tidyl inositol turnover and production of IPs which mediates the rise of [Ca2+]i by 
release from internal stores (Burgess, Irvine, Berridge, McKinney, and Putney, 1984; 
Taylor and  Putney, Jr.,  1985).  The  elevated [Ca2+]i activates  K  + and CI-  conduc- 
tances in guinea-pig hepatocytes (Field and Jenkinson,  1987;  Capiod et al.,  1987; 
Ogden et al.,  1990). 
The  Ca2+-activated  K +  channel  has  been  characterized  in  detail  in  guinea-pig 
hepatocytes (Capiod and Ogden, 1989a,b).  However, the information on the electro- 
physiological properties  of Ca2§  C1-  channel activity is limited. Recently, 
Capiod and Ogden (1989a)  predicted that the single CI-  channels are of very low 
unitary conductance ( < 1 pS) or CI- transport is due to a membrane carrier, because 
the  noise  increase  in  spectral  analysis  associated  with  the  activation  of the  CI- 
conductance was very  small.  In  contrast,  our  direct  single channel  measurements 
revealed  the  averaged  single  channel  slope  conductance of  ~ 7  pS  at  0  mV with 
symmetrical C1-  solutions in outside-out patches. This difference may be caused by 
the following reasons. The single channel conductance appears to be underestimated 
by the noise analysis; the Ca~+-activated K + channel slope conductance has also been 
predicted to be  smaller than the direct single channel measurements (Capiod and 
Ogden,  1989a,b).  In addition, the single channel recording in the present study was 
carried  out at  physiological temperature  (37~  while  the  noise analysis was  per- 
formed at 30~  (Capiod and Ogden,  1989a). Their analysis at low temperature may 
also result in the underestimation. 
Because the Ca2+-activated CI- channel has never been characterized electrophysi- 
ologically in hepatocytes, our described channel can be compared with that reported 
in  other  systems. The  Ca2+-activated CI-  channel  has  been  reported  in  secretory 
epithelial cells (Marty, Tan, and Trautmann,  1984;  Evans and Marty,  1986;  Evans, 
Marty,  Tan,  and  Trautmann,  1986;  Ishikawa  and  Cook,  1993),  Xenopus  oocytes 
(Barish,  1983;  Miledi,  1982;  Miledi  and  Parker,  1984),  rat  exocrine  pancreas KOUM! ET At..  Ca2+-activated  Cl- Channels in Hepatocytes  369 
(Randriamampita,  Chanson,  and  Trautmann,  1988),  salamander  photoreceptor 
membranes  (Bader,  Bertrand,  and  Schwartz,  1982),  spinal  and  sensory  neurons 
(Owen,  Segal,  and  Barker,  1984,  1986;  Mayer,  1985),  skeletal and  smooth muscle 
preparations (Blatz and Magleby,  1986b; Byrne and Large, 1987,  1988; Soejima and 
Kokubun,  1988;  Pacaud,  Loirand,  Lavie,  Mironneau,  and  Mironneau,  1989)  and 
rabbit atrial and ventricular myocytes (Zygmunt and Gibbons, 1991,  1992). There are 
several  similarities  between  these  channels  and  our  described  Ca2+-activated  CI- 
channel. They are activated by depolarization and  the currents are blocked by the 
anion transport blockers such as DIDS in secretory epithelial cells (Marty et al.,  1984; 
Evans and Marty, 1986; Ishikawa and Cook, 1993), in smooth muscle cells (Pacaud et 
al.,  1989) and rabbit atrial and ventricular cells (Zygmunt and Gibbons,  1991,  1992). 
However, our described Ca2+-activated CI- channel differs from these channels in its 
sensitivity to Ca  2+.  The CI-  conductance in rat lacrimal cells becomes active when 
[Ca2+]i  exceeds 0.5  ~M  (Evans  and  Marty,  1986)  and  pancreatic  acinar  cells  CI- 
conductances  require  [Ca2+]i  >  1  ~M  to  activate  (Randriamampita  et  al.,  1988), 
levels higher  than  our described  Ca2+-activated  CI-  channel.  In  contrast,  the  CI- 
channel in sheep parotid secretory cells is sensitive to [Ca2+]i  <  0.01  ~M  (Ishikawa 
and Cook,  1993). 
Conductance and Gating Properties of the Channel 
In physiological solutions, the mean whole-cell current amplitude at 0 mV (which is 
50  mV  positive  to  the  CI-  reversal  potential)  was  ~0.25  nA.  Because  the  mean 
calculated cell capacitance was  28.5 pF,  the current amplitude can be estimated as 
8.8 pA/pF. With a cell surface area of ~  1,256 ~m  ~ (corresponding to the radius of 
10  ~m  for  a  spherical  cell),  the  current  amplitude  can  be  estimated  to  be  0.20 
pA/~m 2 from the whole-cell measurement. In single channel experiments, the patch 
membrane  area  can  be  estimated  using  a  patch  membrane  area  and  the  pipette 
resistance  (Sakmann  and  Neher,  1983).  Because  6-8  MI'~ resistance  pipettes were 
used, the patch membrane area can be calculated as  ~ 2 ~m  z. At a test potential 50 
mV positive to the reversal potential, the mean unitary current amplitude was 0.5 pA. 
Using  these values,  the  calculated mean  single  channel current was  0.25  pA/izm  2. 
The value is close to that obtained from whole-cell estimation. 
Our described CaZ+-activated CI-  channel exhibited slow bursting  kinetics sepa- 
rated  by  interburst  periods.  The  channel  may  have  the  one  open-channel  state, 
because  amplitude  histograms  of single  channel  currents  contained a  single  open 
peak  and  open  time  distributions  were  best  described  by  a  single  exponential 
function. In contrast, the channel may have at least two closed states because of the 
double exponential fitting of the closed time distributions. Although the mean open 
lifetimes did not show significant voltage-dependence, the mean closed times for the 
slow  component became  greater with  hyperpolarizing  membrane  potentials.  This 
may contribute to the voltage-dependent decrease of channel Po. When [Ca2+]i was 
set  at  0.5  ~M,  the  voltage-dependent  decrease  of Po was  observed.  This  finding 
suggests that the channel is modulated by both intracellular Ca z+ and the membrane 
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Physiological Implications 
Although  ionic basis of the resting  membrane  potential  of the hepatocyte has  not 
been well established, it has been shown that the plasma membrane of the hepatocyte 
has a  relatively high  Na  § and  CI-  permeability compared to that of excitable cells 
(Claret and  Mazet,  1972;  Graf, Henderson,  Krumpholz,  and  Boyer,  1987).  Capiod 
and  Ogden (1989a) demonstrated  that  CI-  ions contribute  ~ 80% of resting mem- 
brane conductance. Thus, change in CI- permeability can affect the transmembrane 
potential. On the other hand, the resting level of [Ca2+]i is 0.1-0.2 p,M in hepatocytes 
(Orrenius, Nicotera, and Bellomo, 1987; Ogden et al.,  1990). At this level of [Ca2+]i, 
the Ca~+-activated  CI- channel is almost inactive.  An elevation of [Ca2+]i beyond this 
level  by ~l-adrenergic  stimulation  with  noradrenaline  causes the  activation  of CI- 
channel. The previously reported CaZ+-activated  K + channel also becomes active at 
[Ca2+]i higher than 0.3 I~M (Capiod and Ogden,  1989b). However, previous studies 
showed that  the noradrenaline-induced  increase of conductance to CI-  is a five- to 
eightfold larger than K  + conductance (Capiod and Ogden,  1987,  1989a),  suggesting 
that the CaZ+-activated  CI- channel may play a major role in determining transmem- 
brane  potential.  In  hepatocytes,  membrane  potential  is  important  in  regulating 
metabolic  function  and  membrane  transport  processes  such  as  gluconeogenesis 
(Friedmann  and  Dambach,  1980),  Na+-alanine  and  bile salts  uptake  (Edmondson, 
Miller,  and  Lumeng,  1985;  Kristensen,  1986)  and  amino  acid  and  taurocholate 
transport  (Wondergem  and  Harder,  1980;  Meier,  Meier-Abt,  Barrett,  and  Boyer, 
1984). In addition to mediating these processes, the Ca2+-activated  CI- channel may 
play a role in preventing membrane depolarization.  However, the major role of the 
channel is yet unknown. Further electrophysiological studies related to the metabolic 
and transport functions are likely to provide important insights into the physiological 
role of the channel. 
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